Genomes of all free-living organisms encode the enzyme dUTPase (dUTP pyrophosphatase), which plays a key role in preventing uracil incorporation into DNA. In the present paper, we describe the biochemical and structural characterization of DUT1 (Saccharomyces cerevisiae dUTPase). The hydrolysis of dUTP by DUT1 was strictly dependent on a bivalent metal cation with significant activity observed in the presence of Mg 2 + , Co 2 + , Mn 2 + , Ni 2 + or Zn 2 + . In addition, DUT1 showed a significant activity against another potentially mutagenic nucleotide: dITP. With both substrates, DUT1 demonstrated a sigmoidal saturation curve, suggesting a positive cooperativity between the subunits. The crystal structure of DUT1 was solved at 2 Å resolution (1 Å = 0.1 nm) in an apo state and in complex with the non-hydrolysable substrate α,β-imido dUTP or dUMP product. Alanine-replacement mutagenesis of the active-site residues revealed seven residues important for activity including the conserved triad Asp 87 /Arg 137 /Asp 85 . The Y88A mutant protein was equally active against both dUTP and UTP, indicating that this conserved tyrosine residue is responsible for discrimination against ribonucleotides. The structure of DUT1 and site-directed mutagenesis support a role of the conserved Phe 142 in the interaction with the uracil base. Our work provides further insight into the molecular mechanisms of substrate selectivity and catalysis of dUTPases.
INTRODUCTION
Preserving DNA integrity is of vital importance for all organisms. Cellular metabolism constantly generates noncanonical nucleoside triphosphates, such as dUTP, dITP, dXTP, 8-oxo-dGTP or 2-oxo-dATP, which arise from oxidation, deamination or other modifications of canonical nucleotides [1] . Incorporation of non-canonical nucleotides into the nascent DNA results in increased mutagenesis and overloads the DNA excision repair system, leading to multiple DNA strand breaks and cell death [2, 3] . The most common non-canonical nucleoside triphosphate is dUTP, which is continuously produced in the pyrimidine biosynthesis pathway by phosphorylation of dUDP or by deamination of dCTP [2, 4] . Most DNA polymerases cannot distinguish between thymine and uracil (except for some archaeal enzymes), and the uracil/thymine incorporation ratio depends on the relative level of dUTP and dTTP [5] .
Genomes of all free-living organisms and many viruses encode the enzyme dUTPase (dUTP pyrophosphatase) (EC 3.6.1.23), which cleaves dUTP into dUMP and pyrophosphate and plays a key role in preventing uracil incorporation into DNA [5, 6] . dUTPase is essential for DNA integrity and viability in many prokaryotic and eukaryotic organisms including Escherichia coli, Saccharomyces cerevisiae, trypanosomes and human cancer cells [7] [8] [9] . The E. coli hypomorphic dUTPase mutant dut-1 retains less than 1 % of wild-type dUTPase activity and is still viable. The dut-1 strain exhibits a spontaneous mutator phenotype, a high recombination frequency and SL (synthetic lethality) with mutations in the AP (apurinic/apyrimidinic) endonuclease gene (xth) or the homologous recombination gene recA [3] . In addition, a systematic study of genetic interactions of the dut-1 mutation with other E. coli genes revealed a single SL defect in the DNA precursor metabolism (thymidine kinase tdk), whereas the majority of the identified genetic interactions of dut were in DNA repair: uracil-DNA excision (ung, polA and xthA), repair of double-strand DNA breaks (recA, recBC and ruvABC) and chromosomal dimer resolution (xerCD and ftsK) [10] . Whereas the tdk-dut-1 interaction can be explained in terms of the functional redundancy for dUMP production, the interactions of dut with DNA repair genes were explained as 'defect-damagerepair' cycles linking unrelated pathways or as inactivation of compensating activity [10] . Similarly, the major role of DUT1 (S. cerevisiae dUTPase) involves preventing the incorporation of uracil into DNA [8, 11] . The reduced viability of the yeast double mutants with deleted dut-1 and apn1 or apn2 (both of the latter encode the abasic DNA repair endonucleases) suggests that the phenotypes of the dut-1 mutant (increased division time, an abnormal FACS profile and high levels of large budded cells with the nucleus at the bud neck) are associated with the incorporation of dUMP into DNA and subsequent formation of endogenous abasic (AP) sites [11] . S. cerevisiae serves as a valuable model in cancer research for examining the action of anticancer agents, particularly to dissect the role of uracil incorporation into DNA as a mechanism contributing to cytotoxicity induced by antifolate drugs, which target the thymidylate synthase reaction (the reductive methylation of dUMP to dTMP) [12] . Recent biochemical and genetic studies have demonstrated that cytotoxicity of antifolates and the Abbreviations used: AP, apurinic/apyrimidinic; dUTPase, dUTP pyrophosphatase; DUT1, Saccharomyces cerevisiae dUTPase; ITPase, ITP pyrophosphatase; PEG, poly (ethylene glycol); rmsd, root mean square deviation; SAD, single-wavelength anomalous diffraction; SL, synthetic lethality; TBH, tetrabutylammonium hydroxide. 1 To whom correspondence should be addressed (email a.iakounine@utoronto.ca).
The co-ordinates for the apo-DUT1 and the DUT1 complexes with α,β-imido dUTP or dUMP have been deposited in the PDB under accession codes 3HHQ, 3P48 and 3F4F respectively.
DNA-damaging agent oxaliplatin in yeast and human cancer cells is dependent on uracil misincorporation into DNA, and that dUTPase functions as the central regulator of the intracellular dUTP pool and modulates drug toxicity [1, 13] . In addition, previous work on human cells has demonstrated the downregulation of the dUTPase gene expression by the tumoursuppressor protein p53 in response to oxaliplatin, suggesting that the p53-mediated repression of dUTPase may increase DNA damage and therefore induce apoptosis [13] . Thus dUTPase represents an important target for anticancer, anti-retroviral and antimicrobial therapies, and dUTPase inhibitors could potentially fight infectious diseases such as malaria, tuberculosis and AIDS [5, 14] .
Three known dUTPase families include the monomeric, dimeric and trimeric enzymes, which have different subunit organization. The homotrimeric dUTPases represent the major and best characterized group of these enzymes, which have three identical active sites made up from the five highly conserved motifs, contributed from all three monomers [5, 6] . The monomeric dUTPases contain the same five motifs, but organized in a different order [15, 16] . In contrast, the homodimeric dUTPases from trypanosomes, Campylobacter jejunii and T4 bacteriophage function as physiological dimers and have no sequence similarity to the other two dUTPase families [9] . Crystal structures of dUTPases from all three families have been determined (PDB codes 1DUO, 1OGL and 2BSY) and revealed that trimeric and monomeric enzymes are composed primarily of β-pleated sheets (a jelly-roll fold), whereas the dimeric dUTPase from Trypanosoma cruzi has an all-α fold and a different active site, suggesting a dissimilar catalytic mechanism [5, 17] . In trimeric dUTPases, the five conserved sequence motifs from each subunit are involved in the formation of three active sites located at the subunit interfaces, so all three subunits contribute to the formation of three identical active sites [5, 6] . The residues from the first subunit are involved in base and sugar recognition, the second subunit provides residues for phosphate binding, and the extended flexible C-terminal end of the third subunit covers the active site with a bound substrate [6] .
In the present paper, we describe the biochemical, structural and mutational studies of the S. cerevisiae dUTPase DUT1. Biochemical experiments have revealed that DUT1 exhibits significant activity against another non-canonical nucleotide, dITP. The crystal structure of DUT1 was solved both in the apo form and in complex with α,β-imido dUTP or dUMP. In combination with site-directed mutagenesis, these structures have provided insights into the molecular mechanisms of the substrate selectivity and catalysis by the yeast dUTPase.
EXPERIMENTAL Gene cloning, overexpression and protein purification
The DUT1 gene (YBR252W) was amplified by PCR using S. cerevisiae genomic DNA and cloned into a modified pET15b vector (Novagen) using the In-Fusion Dry-Down PCR cloning kit (Clontech) as described by the manufacturer. The modified pET15b vector contains an N-terminal His 6 tag followed by a tobacco etch virus protease cleavage site (ENLYFQ↓G) [18] . DUT1 was overexpressed in the E. coli BL21-Gold(DE3) strain (Stratagene) and affinity purified using Ni 2 + -chelate chromatography on nickel-affinity resin (Qiagen) as described previously [18] . The oligomeric state of DUT1 was determined using gel-filtration analysis on a Superdex-200 10/300 GL column (GE Healthcare) as described previously [18] .
Enzymatic screens and assays
HPLC analysis of the DUT1 reaction products was performed using a Varian ProStar HPLC system equipped with a 5 μm Varian Pursuit C 18 column (15 cm×4.6 mm internal diameter) and a Varian MetaGuard guard column (flow rate 1 ml/min). The mobile phase contained two buffers: (A) 0.1 M KH 2 PO 4 (pH 6.0) with 8 mM TBH (tetrabutylammonium hydroxide); and (B) 0.1 M KH 2 PO 4 (pH 6.0) with 8 mM TBH and 30 % methanol [19] . Purified DUT1 was screened for the presence of NTP pyrophosphatase activity against the commercially available canonical and non-canonical NTPs (purchased from Sigma, TriLink BioTechnologies or Jena Biosciences). NTP pyrophosphatase activity was determined by measuring the P i release in a 160-μl assay in 96-well microplates containing 50 mM Hepes (pH 7.5), 5 mM MgCl 2 , 1 mM MnCl 2 , 0.5 mM NiCl 2 , 0.1 mM NTP, 10 m-units of inorganic pyrophosphatase (from baker's yeast; Sigma), and 0.5 μg of DUT1. After a 30 min incubation at 30
• C, the reaction was terminated by the addition of 40 μl of Malachite Green reagent [20] and the amount of P i released was calculated on the basis of absorbance at 630 nm. The dependence of the DUT1 activity on bivalent metal cations was determined with dUTP (1 mM) as substrate without metal addition or in the presence of EDTA (5 mM) or various bivalent cations (5 mM MgCl 2 , or 0.1 mM MnCl 2 , CoCl 2 , NiCl 2 , CaCl 2 or CuCl 2 , or 0.05 mM ZnCl 2 ) using the HPLC-based assay described above. For the determination of K m and V max , pyrophosphatase activity was determined over a range of substrate concentrations (between 0.003 and 0.4 mM for dUTP and 0.025-0.4 mM for dITP) in the presence of 0.1 mM MgCl 2 and 0.04 μg of DUT1 (for dUTP) or 0.1 μg of DUT1 (for dITP) using the pyrophosphatasecoupled assay (160 μl) described above. Kinetic parameters were calculated by non-linear regression analysis of raw data to fit to the Michaelis-Menten function using GraphPad Prism software (version 4.00 for Windows, GraphPad). For sigmoidal curve fitting, the Hill equation [21] was used to calculate kinetic parameters using GraphPad Prism:
where S is the substrate concentration, S 0.5 is the half-saturating concentration of the substrate and h is the Hill coefficient.
Site-directed mutagenesis of DUT1
Selected residues of the wild-type DUT1 were mutated to alanine using PCR with mutagenic primers and the QuikChange ® mutagenesis kit (Stratagene) as described previously [18] . The presence of mutations was confirmed by DNA sequencing using the T7 promoter primer. Plasmids containing the desired mutations were transformed into E. coli BL21(DE3) cells and mutated proteins were purified using the same protocol as for the wild-type protein.
Protein crystallization and structure determination
Crystals of apo-DUT1 and DUT1 in complex with dUMP were grown at 22
• C by hanging-drop vapour diffusion with 2 μl of protein sample (25 mg/ml) and an equal volume of reservoir buffer using an optimized sparse matrix crystallization screen and small amounts of proteases according to the protocol of Dong et al. [22] . Crystals of apo-DUT1 were grown using a reservoir solution of 0.1 M ammonium sulfate, 0.1 M Bis-Tris (pH 5.5), and 25 % PEG3350 [where PEG is poly(ethylene glycol)] with 0.02 mg/ml trypsin added to the protein solution (final concentration of 25 mg/ml). Crystals were cryoprotected with a solution of 7 % glycerol, 7 % ethylene glycol and 7 % sucrose prior to freezing in liquid N 2 . Crystals of the DUT1-α,β-imido dUTP complex were grown in a reservoir solution containing 30 % Jeffamine ED-2001 (pH 7.0), 0.1 M potassium Hepes (pH 7.0), 3 mM MgCl 2 and 2.5 mM α,β-imido dUTP with the addition of trypsin (0.02 mg/ml). Crystals of the DUT1-dUMP complex were grown using a reservoir containing 0.2 M sodium acetate, 0.1 M Tris/HCl (pH 8.5), 30 % PEG4000 and 10 mM dUTP, with 0.02 mg/ml trypsin added to the crystallization conditions. Crystals were cryoprotected with a solution containing 4 % ethylene glycol, 4 % glycerol and 4 % sucrose prior to flash-freezing in liquid N 2 .
For the apo-DUT1 structure, diffraction data were collected at λ = 1.54178 Å (Cu Kα radiation) on a home-source Rigaku FR-E + Superbright generator equipped with osmic mirrors and a Raxis4 + + detector. Data were scaled and merged using HKL2000 [23] . The structure was solved by molecular replacement using the protein atoms of the DUT1-dUMP trimer (PDB code 3F4F; see below). The final model contained eight trimers in the unit cell (24 molecules of DUT1); the first six trimers were found using PHASER [24] and the final two trimers with MOLREP [25] , both as part of the CCP4 suite [26] . Subsequent manual model building and automated water-picking using COOT [27] and refinement using Refmac [28] and TLS [29, 30] were used to refine the model. The final model yielded R work and R free values of 17.8 % and 23.6 % respectively and contained 25 111 atoms, and each molecule of the asymmetric unit contains a single chain roughly spanning residues 6-133 of DUT1. The final model showed a high-quality stereochemistry [31] , with 99.0 % of residues occupying the most-favoured and additionally favoured regions of the Ramachandran plot.
For the DUT1-α,β-imido dUTP complex structure, datasets were collected at the APS ID19 beamline (Argonne) and reduced with XDS software [32] . The structure was solved by molecular replacement using the program MOLREP [25] with chain A of PDB structure 3HHQ as the model, and the refinement was performed using Refmac [28] . After several refinement cycles, water molecules were built iteratively by ARP/wARP [33] . At this stage, the densities of α,β-imido dUTP and magnesium were clearly highlighted. Three molecules of α,β-imido dUTP and magnesium atoms were added to the model using COOT [27] . The final refinement was performed using TLS and Phenix [29, 30] . A total of 98.7 % of residues of the final model were in the most-favoured regions and 1.3 % were in allowed regions of the Ramachandran plot [34] .
For the DUT1-dUMP complex structure, diffraction data were collected at λ = 1.54178 Å on a home-source Rigaku Micromax-007 generator equipped with osmic mirrors and a Raxis4 + + detector. Data were also scaled and merged using HKL2000 [23] . The structure was solved by molecular replacement using a model of the protein generated by SWISS-MODELLER [35] based on PDB structure 2OKD. The final model contained one trimer in the unit cell (three molecules of DUT1); each of the three subunits was found using PHASER [24] . Following molecular replacement, electron density was observed in the active site for the product dUMP, not dUTP. Three molecules of dUMP were added to the model using COOT [27] , and subsequent manual model building and automated water-picking using COOT and refinement using Refmac [28] and TLS [29, 30] were used to refine the model. The final model, refined to 2.0 Å, yielded R work and R free values of 14.9 % and 20.7 % respectively and contained 3668 atoms, and each subunit of the asymmetric unit contained a single chain approximately spanning residues 6-143 of DUT1. The final model showed a high-quality stereochemistry [31] with 99.1 % of residues occupying the mostfavoured and additionally favoured regions of the Ramachandran plot. Data collection and refinement statistics are summarized in Table 1 .
RESULTS AND DISCUSSION

Enzymatic activity of DUT1
The yeast dUTPase DUT1 was overexpressed in E. coli and affinity purified using the N-terminal His 6 tag with a high yield (>100 mg/l culture) and purity (>95 % homogeneity). Gel-filtration experiments revealed that the native DUT1 has a molecular mass of 56.6 kDa, indicating that, like other characterized dUTPases, this protein exists as a trimer in solution (the sequence-based molecular mass of the His 6 -tagged DUT1 monomer is 18.1 kDa). Purified DUT1 hydrolysed dUTP over a broad pH range (7.0-9.0; results not shown) and required the addition of a bivalent metal cation for activity (shown using an HPLC-based assay) ( Figure 1A 
μM).
Prokaryotic and eukaryotic dUTPases exhibit exquisite substrate specificity for dUTP and show negligible hydrolysis of UTP or other nucleotides [37, 38] . Under optimal assay conditions, the purified DUT1 showed very low activity against UTP (40-50 nmol/min per mg of protein), which is close to that of the rat liver dUTPase [39] . However, several biochemically characterized dUTPases from viruses or Thermococcus onnurineus also demonstrated a significant activity against dCTP, dTTP and UTP, suggesting a lower substrate selectivity of these enzymes [38, 40] . To characterize the substrate specificity of the S. cerevisiae DUT1, the purified protein was screened for pyrophosphatase activity against an array of commercially available canonical and non-canonical nucleoside triphosphates. As shown in Figure 1 (B), in addition to dUTP, DUT1 also exhibited significant activity against dITP, which represents another potentially mutagenic non-canonical nucleotide [2] . In cells, dITP can be produced by oxidative deamination of dATP or by reduction of ITP or IDP [1, 2] . An HPLC analysis of the reaction products produced by DUT1 demonstrated that both dUTP and dITP were hydrolysed to the respective nucleoside monophosphate and pyrophosphate (see Supplementary Figure  S2 at http://www.BiochemJ.org/bj/437/bj4370243add.htm). With both substrates, DUT1 showed sigmoidal saturation kinetics with the Hill coefficient (h) in the range 1.5-2.4, suggesting positive co-operativity between the DUT1 subunits in substrate binding ( Figure 2 and Table 2 ). In contrast with DUT1, we found that the purified E. coli dUTPase exhibited a very low co-operativity (h 1.3 + − 0.4) in the saturation experiments with dUTP (results not shown). Previous NMR experiments with the Drosophila dUTPase revealed a co-operative behaviour and ligand-induced co-operative conformational changes in this eukaryotic dUTPase too [41] . Our present results support the suggestion that eukaryotic dUTPases have acquired positive co-operativity during evolution [41]. In the presence of saturating Mg 2 + concentrations (0.5 mM), DUT1 exhibited higher activity and affinity for dUTP resulting in 20 times higher catalytic efficiency compared with dITP (Table 2) . Both the activity and affinity of DUT1 to dUTP and dITP fall within the range found for other biochemically characterized dUTPases (e.g. from E. coli, Drosophila or humans), which have been shown to have a K m for dUTP in the range 1-500 μM [36, 42, 43] .
S. cerevisiae has been shown to contain the ITPase (ITP pyrophosphatase) family protein HAM1, which protects the cells from the mutagenic effect of HAP (6-N-hydroxyaminopurine) and 5-bromodeoxyuridine [44, 45] . All ITPases characterized hydrolyse dITP, ITP and XTP, but show low activity against canonical NTPs [2] . The E. coli ITP pyrophosphatase RdgB has similar K m (5.6 and 11.3 μM) and k cat (18.9 and 13.2 s − 1 ) values with both ITP and dITP as substrates [46] . Although the S. cerevisiae HAM1 protein has not yet been biochemically characterized, the partially purified protein showed the ability to hydrolyse ITP to IMP, implying that it might be able to hydrolyse dITP too [45] . This suggests that S. cerevisiae might potentially use two enzymes to detoxify dITP, DUT1 and HAM1.
Crystal structure of the ligand-free DUT1
The crystal structure of DUT1 in an apo state was solved to 2.0 Å resolution using a SAD (single-wavelength anomalous diffraction) method (PDB code 3HHQ; Table 1 ). The structure revealed a tightly packed homotrimeric protein (Figure 3) , which is consistent with the results of our gel-filtration experiments. The DUT1 trimer has a wedge (triangular) form when viewed from the top or bottom point of the trimer (Figures 3A and 3C) . The DUT1 monomer has a distorted six-stranded β-barrel fold, which is capped by a smaller five-stranded β-barrel with one α-helix ( Figure 4A ). The extended C-terminal tail contains one β-strand and wraps around the trimer bottom extending to the active site located between two other monomers ( Figure 4B ). In the DUT1 trimer, the subunits associate through interactions between the β-strands and α-helix of the cap domain at the top and the β-strands and loops of the core β-barrel domain at the bottom, creating a large cavity inside the trimer filled with solvent molecules. The overall fold of DUT1 shows a close resemblance to dUTPases from humans, E. coli and Mycobacterium tuberculosis, although these proteins share limited sequence similarity (31-55 % sequence identity) [47, 48] . A Dali search for DUT1 structural homologues identified several structures of dUTPases as the best matches, including the predicted dUTPase from Arabidopsis thaliana [PDB code 2P9O, Z-score 22.8, rmsd (root mean square deviation) 0.9 Å], dUTPase from the Chlorella virus IL-3A (PDB code 3C3I, Z-score 22.6, rmsd 1.2 Å), and human dUTPase (PDB code 3EHW, Z-score 22.5, rmsd 0.7 Å). In addition, structural comparisons also revealed a significant structural similarity between DUT1 and dCTP deaminases from E. coli (PDB codes 1XS4 and 2V9X, Z-score 9.8-10.6, rmsd 2.4 Å) and M. tuberculosis (PDB code 2QLP, Z-score 10.6, rmsd 2.5 Å).
The location of the active sites in the DUT1 trimer is indicated by three sulfate molecules bound at the inter-subunit contacts ( Figure 5A ). Ammonium sulfate was used in the crystallization solution, and the sulfate molecule perhaps mimics the position of the β-phosphate of dUTP in the DUT1 active site. As shown in Figure 5 (A), these sulfate molecules are co-ordinated by the side chain of the conserved Arg 68 (2.7 and 3.1 Å) and the main-chain N atom of the conserved Gly 70 (dUTPase motif 2). Similar to DUT1, three sulfate molecules have been found in the apo structure of the vaccinia virus dUTPase trimer (PDB code 2OKD) that occupy approximately the same position as the substrate β-phosphate.
DUT1 sequence and site-directed mutagenesis
As expected, DUT1 shows higher sequence similarity to eukaryotic dUTPases (54-56 % sequence identity) than to prokaryotic enzymes (31-34 % sequence identity). Structure-based sequence alignment of DUT1 with other structurally characterized dUTPases revealed the presence of five sequence motifs containing eight absolutely conserved polar or charged residues involved in substrate binding or catalysis (Figure 6 ). In the dUTPase active site, four of the motifs are contributed by two adjacent monomers, whereas motif 5 comes from the third subunit and is located on the C-terminal tail ( Figure 6 ). In most available dUTPase structures, motif 5 is disordered and is only observed in a few structures with inhibitors (PDB codes 1F7P, 2HQU and 2PY4). The residues from motifs 1, 2, 4, and 5 have been shown to contribute to the co-ordination of the triphosphate moiety of dUTP, whereas the motif-3 residues are involved in catalysis and interaction with the deoxyribose ring [5] .
The conserved residues from the five DUT1 motifs were mutated to alanine, and the mutated proteins were overexpressed in E. coli and purified. Enzymatic assays with dUTP revealed that only three mutant proteins (Y88A, R111A, and Q114A from motifs 3 and 4) showed significant catalytic activity (Figure 7 ). Q114A showed essentially the wild-type affinity for dUTP and greatly reduced activity, whereas Y88A and R111A had reduced activity and lower substrate affinity (increased K m ) ( Table 2 ). In addition, the R111A and Q114A proteins showed reduced cooperativity (lower h) suggesting that these conserved residues from DUT1 motif 4 have a role in the co-operative behaviour of this enzyme (Table 2 ). All other mutant DUT1 proteins (D32A, R68A, S69A, D85A, D87A, R137A and F142A) exhibited negligible or very low activity, indicating that they are involved in substrate binding and/or catalysis ( Figure 7) . The important role of the residues homologous with DUT1 Ser 69 , Asp 85 , Arg 137 and Phe 142 has been recently demonstrated in the dUTPases from E. coli, humans and Epstein-Barr virus [16, [49] [50] [51] .
Structure of DUT1 in complex with α,β-imido dUTP DUT1 was crystallized in the presence of Mg 2 + and α,β-imido dUTP, a non-hydrolysable dUTP analogue, and the structure was solved to 1.67 Å resolution using the SAD method (Table 1 ). The structure revealed the presence of three molecules of α,β-imido dUTP (all in the gauche conformation) per trimer bound to the DUT1 active sites located between the pairs of subunits ( Figure 4B and Supplementary Figure S3A and Movie S1 at http://www.BiochemJ.org/bj/437/bj4370243add.htm). The deoxyuridine moiety is bound in the cavity formed by the α-helix of one subunit (dUTPase motif 2) and by the long loop between the β8 and β10 strands (motif 3) of another subunit ( Figure 4C ). In DUT1, as in human dUTPase, the uracil O 2 , N 3 , and O 4 atoms make no direct contacts with the protein side chains, but they interact with the backbone N and O atoms of the conserved Gly 82 and semi-conserved Lys 93 ( Figure 8 ). This is in contrast with the active site of prokaryotic dUTPases (E. coli or M. tuberculosis), where the side chain of a conserved asparagine residue (Asn 77 in M. tuberculosis) makes a hydrogen bond to O 4 [47] . In addition, prokaryotic dUTPases have two additional residues inserted into the uracil-binding pocket, suggesting that this would reduce its volume compared with eukaryotic dUTPases [47] . Modelling of the dITP molecule into the DUT1 active site revealed that with the deoxyribose and triphosphate moieties fixed as in dUTP the hypoxanthine base can be fitted in the active site with one steric clash (with the Lys 93 carbonyl O atom) (see Supplementary Figure S4 at http://www.BiochemJ.org/bj/437/bj4370243add.htm). Since our co-crystallization experiments with DUT1 and dITP failed to produce well-diffracting crystals, it remains presently unclear how dITP can be accommodated in the DUT1 active site.
The deoxyribose ring of α,β-imido dUTP is close to the side chain of the conserved Tyr 88 (3.7 Å, Figure 5B ), which probably prevents the binding of UTP through a steric clash with its 2 -hydroxy group. This role of Tyr 88 in DUT1 activity is confirmed by the observation of high activity of the DUT1 Y88A mutant protein against UTP (17.4 μmol/min per mg of protein; ∼70 % of that against dUTP). Similar tyrosine-residue-based discrimination The secondary-structure elements derived from structures of DUT1 (PDB code 3HHQ) and M. tuberculosis dUTPase (PDB code 1MQ7) are shown above and below the alignment respectively. The DUT1 residues mutated to alanine in the present study are marked with black inverted triangles above the alignment and numbered. Absolutely conserved residues are shaded, and the five conserved sequence motifs of dUTPases are boxed and numbered. The proteins compared are S. cerevisiae DUT1 (Sc_DUT1; UniProt number P33317), human DUT (Hs_DUT; UniProt number P33316), E. coli DUT (Ec_DUT; UniProt number P06968) and M. tuberculosis DUT (Mt_DUT; UniProt number P0A552). against ribonucleosides has been proposed for the human and E. coli dUTPases [48, 49] . The O atom of the deoxyribose 3 -hydroxy group makes a weak hydrogen bond (3.6 Å) to the side-chain carbonyl group of the conserved Asp 85 , which is likely to function as a catalytic nucleophile in DUT1 ( Figure 5B) .
The triphosphate part of α,β-imido dUTP chelates the Mg 2 + ion through a tridentate co-ordination by three O atoms (α, β, γ ) and interacts mostly with the residues of the second DUT1 monomer (coloured cyan in Figure 5B) . One of the α-phosphate O atoms is hydrogen bonded to the main-chain amino group of the conserved Ser 69 , whose side-chain hydroxy group points to the imido group of α,β-imido dUTP (2.7 Å) ( Figure 5B ). However, in one monomer of the DUT1-α,β-imido dUTP complex, as well as in the DUT1 apo structure, the Ser 69 hydroxy group points in the opposite direction and can make a hydrogen bond with its mainchain carbonyl O atom (not shown). This serine residue is strictly conserved in dUTPases, and it has been proposed to be involved in the stabilization of the transition state and destabilization of the reactant ground state [50] . In the E. coli dUTPase, the second orientation of the homologous Ser 72 side chain is stabilized by the formation of a hydrogen bond with the side chain of Asn 84 , which is absent from DUT1 and other eukaryotic dUTPases [50] . Two O atoms of the β-phosphate interact with the mainchain amino group of Gly 70 (2.7 Å) and with the guanidinium group of conserved Arg 68 (2.9 and 3.0 Å) ( Figure 5B) . The γ -phosphate shows no interactions with the DUT1 residues because its C-terminal tail is disordered in the DUT1-α,β-imido dUTP structure. This C-terminal loop was found to be disordered in most reported dUTPase structures (e.g. in E. coli or B. subtilis), whereas it was ordered in the dUTPases from humans and M. tuberculosis [47] [48] [49] 52] .
Crystal structure of DUT1 in complex with dUMP
The wild-type DUT1 was also co-crystallized with dUTP, and this structure was solved at 2.0 Å resolution (Table 1) . However, the analysis of the electron density bound to the protein active site revealed the presence of dUMP, a reaction product of the dUTPase reaction ( Figure 5C and Supplementary Figure S3B ). This structure showed no presence of the pyrophosphate product, suggesting that it has already been released from the active site. In the structure of the DUT1-α,β-imido dUTP complex ( Figure 5B ), the last 14 residues of the C-terminal tail including the conserved Arg 137 and semi-conserved Phe 142 of the dUTPase motif-5 were disordered and not modelled. Surprisingly, in the DUT1-dUMP complex these residues were ordered, although it has been suggested that both the bivalent metal cation and the triphosphate moiety are required to order the C-terminal tail [47] . The DUT1-dUMP structure shows that the C-terminal tail completely closes the nucleoside moiety of dUMP in the active site, so only the dUMP phosphate group is exposed to the bulk solvent ( Figures 4D and 5C ). The side chain of Phe 142 is stacked over the uracil ring of dUMP (3.3 Å) ( Figure 5C ). The aromatic stacking between the uracil base and dUTPase has been proposed to increase the reaction rate in dUTPases and possibly in other enzymes too [51] . This is supported by the very low activity of the F142A mutant DUT1 protein, suggesting that this residue might contribute to catalysis (Figure 7) . The DUT1-dUMP structure also implies that, in the DUT1-dUTP complex, the side chain of the conserved Arg 137 probably interacts with the α-phosphate oxygen of dUTP and potentially with the γ -phosphate.
In S. cerevisiae cells, the semi-conserved Thr 89 of DUT1 has been shown to be phosphorylated [53] . On the basis of the DUT1 structure, this residue is located near the catalytically important Asp 85 and Asp 87 (8.7-10.4 Å) and the bound substrate (9.3-11.1 Å). Therefore its phosphorylation will probably affect substrate binding and hydrolysis, as well as the binding of the Cterminal strand containing motif 5, the Phe 142 of which is essential for activity. It has been shown that the single G82S substitution in DUT1 produced a viable allele (dut1-1) due to the low residual dUTPase activity of the mutated protein (determined in crude extracts) [11] . This absolutely conserved glycine residue is part of motif 3 ( Figure 6 ) and its main-chain amido group is involved in the binding of the uracil base (2.8 Å to the C 4 carbonyl O atom) (Figure 8 ). Therefore the insertion of a small serine side chain into the base-binding pocket will probably have a negative effect on the dUTP binding and activity of DUT1.
Role of active-site residues and proposed catalytic mechanism of DUT1
The structure of DUT1 revealed that most of the catalytically important residues interact (directly or indirectly) with the triphosphate moiety of dUTP, whereas the side chains of only two residues contribute to the binding of the uracil base (Phe 142 ) and deoxyribose ring (Tyr 88 ) (Figure 8 ). Our site-directed experiments also confirmed an important role of the side chain of the conserved Asp 32 (motif 1) for the activity of DUT1 (Figure 7 ). In the structure of the DUT1-α,β-imido dUTP complex (Figure 4B ), the two carboxy group O atoms of Asp 32 co-ordinate two water molecules (#248 and #249, 2.7 Å and 2.8 Å), which together with another water molecule (#250) form the co-ordination sphere of the Mg 2 + ion bound to the triphosphate moiety of dUTP. Therefore, as in the E. coli dUTPase [49] (Figure 8 ). Our mutational studies also revealed an important role of the conserved Asp 87 for the activity of DUT1 (Figure 7 ), but this residue shows no direct interactions with the substrate in the enzyme structure ( Figure 5 ). In the structure of the DUT1-dUMP complex ( Figures 5C and 9) , the Asp 87 side chain interacts with the side chain of the conserved Arg 137 (2.9 Å), which is close to the catalytic Asp 85 (3.3 Å). In the active sites of various enzymes, the carboxy group-arginine residue interactions stabilize the charged forms of interacting residues and are often found where an unprotonated carboxy group is required for catalysis [54] . Thus the DUT1 structure suggests that the triad of the absolutely conserved interacting residues Asp 87 /Arg 137 /Asp 85 ( Figure 9 ) is important for the stabilization of the unprotonated state of Asp 85 (required for the activation of the catalytic water molecule) and the charged state of Arg 137 (required for the neutralization of the negative charge of the dUTP triphosphate).
Previous kinetic studies of the E. coli dUTPase suggested that the dUTPase catalytic mechanism involves Mg 2 + ion binding to the α-phosphate followed by a rate-limiting hydrolysis of dUTP by a shielded and activated water molecule and a fast ordered desorption of the products [43] . The structure of DUT1 suggests that the catalytic water molecule is co-ordinated by the side chains of the conserved Asp 85 (3.0 Å) and Gln 114 (3.8 Å). As in the dUTPases from E. coli and M. tuberculosis [47, 49] , this water molecule is located 2.9-3.6 Å away from the α-phosphorus atom and is completely shielded by the substrate molecule from bulk solvent. The Asp 85 carboxy group (also shielded from solvent) is proposed to deprotonate the catalytic water molecule generating a nucleophilic OH − ion (Figure 8 ). The important role of Asp 85 in DUT1 activity is supported by the negligible activity of the D85A mutant protein, whereas the Q114A protein retained approximately 30 % of the wild-type DUT1 activity ( Figure 7) . The non-bridging α-phosphate O atoms are coordinated through interactions with Mg 2 + , the side chain of the conserved Arg 137 (2.9 Å in the DUT1-dUMP complex structure), and the main-chain N atom of Ser 69 , whereas the bridging αβ-O atom is likely to interact with the Ser 69 side-chain hydroxy group (Figure 8 ). This hydroxy group is proposed to stabilize the developing negative charge at the bridging αβ-oxygen of dUTP [47, 50] , and the important role of Ser 69 in DUT1 activity is supported by almost complete loss of activity in the S69A mutant protein (Figure 7) . After dUTP hydrolysis, dUMP remains closed in the active site by the side chain of Phe 142 of motif 5, whereas the pyrophosphate product perhaps leaves the active site first.
Thus the S. cerevisiae dUTPase DUT1 exhibits a remarkable ability to hydrolyse two non-canonical and potentially mutagenic nucleotides: dUTP and dITP. It will be interesting to determine whether other dUTPases also show dITPase activity, and whether this activity is physiologically significant. Since the ability to hydrolyse dCTP, dTTP and UTP has been demonstrated previously for the T. onnurineus and viral dUTPases [38, 40] , these studies and our present results imply that, in some organisms, the substrate specificity of dUTPase is not limited to dUTP. With both dUTP and dITP, DUT1 displayed a positive cooperativity, making it the second dUTPase (in addition to the Drosophila enzyme) showing a co-operative behaviour in substrate hydrolysis. Given that no positive co-operativity has been revealed in prokaryotic dUTPases, our results suggest that the presence of positive co-operativity might be a distinctive property of eukaryotic dUTPases. Future comparative studies of prokaryotic and eukaryotic dUTPases are needed to elucidate the functional differences of these enzymes, which can be used for the development of novel anticancer or anti-microbial therapies. In addition, the mutational studies of DUT1 revealed an important role of the Asp 87 /Arg 137 /Asp 85 triad, which is absolutely conserved in dUTPases. Overall, the results of the present study provide further insights into the substrate specificity and activity of a eukaryotic dUTPase, enhancing our understanding of the dUTPase mechanism.
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